We have previously defined a homozygously deleted region at chromosome 1p36.2-p36.3 in human neuroblastoma cell lines, NB-1 and NB-C201, and identified six genes including DFF45/ICAD within this region. In this study, we found that NB-C201 cells are much more resistant to various genotoxic stresses such as cisplatin (CDDP) than CHP134 and SH-SY5Y cells that do not have the homozygous deletion. To examine a role(s) of DFF45 in the regulation of apoptosis in response to CDDP, we have established stably DFF45-expressing NB-C201 cell clones (DFF45-1 and DFF45-3) and a control cell clone (NB-C201-C) using a retrovirus-mediated gene transfer. In contrast to NB-C201-C cells, DFF45-3 cells displayed apoptotic nuclear fragmentation in response to CDDP. Although CDDP-induced proteolytic cleavage of procaspase-3 and DFF45 in DFF45-3 cells, we could not detect a typical apoptotic DNA fragmentation. Additionally, deletion analysis revealed that C-terminal region of DFF45 is required for inducing nuclear fragmentation. Unexpectedly, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays demonstrated that DFF45 has undetectable effect on CDDP sensitivity of NB-C201 cells. Taken together, our present results suggest that DFF45/DFF40 system may be sufficient for CDDP-induced nuclear fragmentation but not DNA cleavage.
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Oncogene ( Keywords: apoptosis; cisplatin; DFF45/ICAD; homozygous deletion; neuroblastoma Neuroblastoma (NBL) is one of the most common pediatric solid tumors and displays various clinical behaviors (Brodeur and Nakagawara, 1992) . Loss at the distal part of the short arm of chromosome 1 (1p) and the amplification of MYCN in NBL are strongly associated with an unfavorable prognosis (Brodeur et al., 1984) . Extensive loss of heterozygosity (LOH) analysis narrowed the overlapping deleted region of 1p in NBL, suggesting that there could be at least three NBL suppressor loci (Schleiermacher et al., 1994; Takeda et al., 1994; Amler et al., 1995; Cheng et al., 1995; Martinsson et al., 1995; White et al., 1995) . We found that NBL cell lines, NB-1 and NB-C201, carry a homozygous deletion at 1p36.2, and identified six genes within this region including DFF45/ICAD, PGD, CORT, UFD2a, KIF1B-b and PEX14 (Ohira et al., 2000) . Among them, we have demonstrated that UFD2a promotes the proteasome-dependent degradation of p73 (Hosoda et al., 2005) .
Apoptosis is defined by a series of morphological and biochemical changes. DNA fragmentation is one of characteristic features of apoptosis (Raff, 1992) and triggered by a heterodimeric DNA fragmentation factor (DFF), which is composed of DFF40/CAD/CPAN nuclease and its inhibitor DFF45/ICAD. Upon apoptotic stimuli, DFF45 is cleaved by caspase-3 into three fragments and dissociates from DFF40, resulting in the activation of DFF40 (Liu et al., 1997 (Liu et al., , 1998 Enari et al., 1998; Halenbeck et al., 1998; Mukae et al., 1998; Sakahira et al., 1998) . DFF45 also acts as a folding chaperone required to produce active DFF40 Sakahira et al., 1998) . In this study, we examined a role(s) of DFF45 in the regulation of NBL cell death.
To assess the biological significance of the abovementioned six genes, we compared the drug sensitivity of NBL cells with or without the homozygous deletion. NB-C201, CHP134 and SH-SY5Y cells were exposed to various genotoxic agents including cisplatin (CDDP), adriamycin (ADR) or etoposide (VP16), and their viability was monitored by (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. As shown in Figure 1a , NB-C201 cells were much more resistant to CDDP, ADR and VP16 compared with CHP134 and SH-SY5Y cells. In accordance with these results, NB-C201 cells showed chromatin condensation in response to CDDP; however, nuclear fragmentation, which is one of morphological hallmarks of apoptosis (Wyllie, 1980) , was undetectable in NB-C201 cells exposed to CDDP ( Figure 1b) . As DFF45-deficient cells showed a decreased sensitivity to apoptotic stimuli , we tested a possibility that the lack of DFF45 is responsible for the drug resistance of NBL cells. We first examined the expression of DFF45 and DFF40 in various NBL cell lines by Northern blot analysis. HeLa cells were used as a positive control (Liu et al., 1997) . As reported (Ohira et al., 2000) , DFF45 was undetectable in NB-1 and NB-C201 cells, whereas variable levels of DFF45 were detected in the remaining cells ( Figure 2a , top panel). Previous results indicated that DFF45 is expressed as two transcripts of 3.8 and 2.4 kb in length . However, Yang et al. (2001) described that some different-sized mRNAs are expressed in several NBL cell lines. We observed four DFF45 transcripts of 5.4, 3.8, 2.4 and 1.6 kb in length. On the other hand, a single DFF40 transcript (3.4 kb) was detectable in all NBL cell lines ( Figure 2a , middle panel) as reported in other cell types (Mukae et al., 1998) . Immunoblot analysis also revealed that substantial amounts of DFF45 and DFF40 are expressed in SH-SY5Y and CHP134 cells, whereas NB-C201 cells express DFF40 but not DFF45 (Figure 2b ).
To explore the role of DFF45 in response to CDDP, the retroviral vector encoding DFF45 was introduced into NB-C201 cells and stable cell clones were established. As shown in Figure 2c , DFF45-1, -3, -4, -7, and -8 clones expressed relatively larger amounts of DFF45 compared with the remaining clones. DFF45 was not detectable in NB-C201 cells infected with an empty vector (NB-C201-C). The enforced expression of DFF45 did not affect the expression levels of DFF40 (Figure 2d ). We employed DFF45-1 and DFF45-3 cells for further experiments. Consistent with the previous observations (Liu et al., 1998) , exogenously expressed DFF45 was largely localized in cell nucleus (Figure 2e ). We then examined whether DFF45 could affect CDDP sensitivity of NB-C201 cells. NB-C201-C, DFF45-1 and DFF45-3 cells were treated with CDDP for the indicated time periods and their viability was measured by the MTT assay. Unexpectedly, DFF45 had no detectable effects on the viability of NB-C201 cells in response to CDDP (Figure 2f ).
We then addressed whether DFF45 could affect the nuclear morphology in response to CDDP. NB-C201-C and DFF45-3 cells were exposed to CDDP for 48 h and their nuclear morphology was examined. As seen in Figure 3a , Hoechst staining clearly demonstrated that apoptotic nuclear fragmentation takes place in DFF45-3 cells, but not in NB-C201-C cells. These results were confirmed by electron microscopic analysis (Figure 3b) . Similar results were also obtained in DFF45-1 cells (data not shown). We sought to examine whether DFF45 could promote DNA fragmentation in response to CDDP by TUNEL staining. CDDP-sensitive CHP134 cells were used as a positive control. Unexpectedly, we observed no TUNEL-positive nuclei in DFF45-3 cells (Figure 3c ). DNA fragmentation as assessed by agarose gel electrophoresis did not occur in DFF45-3 cells exposed to CDDP. As described previously Liu et al., 1998) , caspase-3-dependent cleavage of DFF45 was required for the activity of DFF40. We therefore addressed a possibility that caspase-3-mediated cleavage of DFF45 could be impaired owing to a loss of the activation of caspase-3 in DFF45-3 cells in response to CDDP. As shown in Figure 3e , the time-dependent cleavage of procaspase-3 and DFF45 was observed in DFF45-3 cells. Thus, DFF45 induced nuclear fragmentation, but not DNA fragmentation in NB-C201 cells.
We then examined whether the region(s) of DFF45 involved in nuclear fragmentation could be distinct from that required for DNase activity. To this end, we constructed a series of FLAG-tagged DFF45 deletion mutants (Figure 4a ) and then introduced them into NB-C201 cells. After 2 weeks of culture in the presence of G418, drug-resistant colonies were combined and expanded. As shown in Figure 4b , each vector gave rise to a stable protein with the expected size. CDDP-induced nuclear fragmentation in NB-C201 cells expressing wildtype DFF45, whereas DFF45 (1-290), DFF45 (1-231) or Functional implication of DFF45/ICAD in neuroblastoma M Takahashi et al DFF45 (1-96) failed to induce nuclear fragmentation in response to CDDP (Figure 4c ), suggesting that COOHterminal region of DFF45 is essential for the induction of nuclear fragmentation in NB-C201 cells. As described by Gu et al. (1999) , central domain of DFF45 (amino-acid residues 101-180) is required for the interaction with DFF40 and DFF45 can assist in the synthesis of highly active DFF40. In addition, the catalytic domain of DFF40 is located in its COOH-terminal region (aminoacid residues 290-345) (Inohara et al., 1999) . As our mutation searches revealed that NB-C201 cells express wild-type DFF40 (data not shown), it is likely that CDDP-mediated nuclear fragmentation might be regulated in a DFF45-but not in a DFF40-dependent manner.
As described by Ohira et al. (2000) , we failed to detect any mutations within DFF45 in NBLs. Similar results were reported by Yang et al. (2001) . In this study, we found that DFF45 can selectively restore the ability to induce nuclear fragmentation but not DNA cleavage in response to CDDP. Recently, it has been shown that gH2AX regulates DNA fragmentation mediated by DFF40 (Lu et al., 2006) . Our preliminary experiments revealed that the amounts of gH2AX remain unchanged regardless of CDDP treatment (data not shown). Moreover, chromatin condensation and nuclear fragmentation have been shown to be regulated by nucleoplasmin, indicating that nuclear morphological changes and DNA fragmentation are independent processes (Lu et al., 2005) . Further efforts should be devoted to delineate whether such dissociation of nucleolytic and DNase activities of DFF45/DFF40 system in a subset of NBL cells contributes to the highly variable clinical behavior of this neoplasm. Functional implication of DFF45/ICAD in neuroblastoma M Takahashi et al
